The anticoagulant serpin, protein Z-dependent protease inhibitor (ZPI), is catalytically activated by its cofactor, protein Z (PZ), to regulate the function of blood coagulation factor Xa on membrane surfaces. The X-ray structure of the ZPI-PZ complex has shown that PZ binds to a unique site on ZPI centered on helix G. In the present study, we show by Ala-scanning mutagenesis of the ZPI- 
Introduction
Protein Z (PZ)-dependent protease inhibitor (ZPI), an anticoagulant protein of the serpin superfamily, is activated by its cofactor, PZ, to rapidly and specifically inhibit membrane-associated coagulation factor Xa. ZPI also rapidly inhibits factor XIa, but PZ activation is not required for this inhibition and cleaved ZPI is the predominant product. [1] [2] [3] The importance of ZPI for regulation of factor Xa activity is evident from the observation that ZPI or PZ deficiency results in an increased risk of thrombosis, especially when combined with the factor V Leiden mutation or other risk factors. [4] [5] [6] ZPI circulates in blood plasma as a tight complex with PZ, 7 a vitamin K-dependent protein with a domain structure similar to that of factors VII, IX, and X and protein C, but with a nonfunctional protease domain. 8 Biochemical and structural studies have suggested that PZ promotes ZPI inhibition of membraneassociated factor Xa primarily though a bridging mechanism in which the binding of PZ to ZPI enables the ZPI-PZ complex to bind to a membrane surface and encounter membrane-bound factor Xa. 9, 10 PZ acts catalytically in promoting the ZPI-factor Xa reaction, as evidenced by the observation that once ZPI forms an inhibited complex with factor Xa, it dissociates from PZ. 11 This catalytic action may be important for sparing PZ, because normal plasma concentrations of PZ are limiting relative to ZPI. 2, 12 The X-ray structure of the ZPI-PZ complex was determined recently by 2 different groups of investigators. 9, 10 The structure shows that ZPI interacts with PZ through 3 clusters of salt bridges involving residues D74, D238, K239, and D293 and through hydrophobic interactions involving residues M71 and Y240 at a unique site centered on helix G. In the present study, we performed Ala-scanning mutagenesis of these 6 ZPI contact residues in the binding interface to determine their relative contributions to PZ binding. Kinetic analysis of the effect of these mutations on the cofactor-dependent ZPI-factor Xa reaction, together with native PAGE analysis of PZ binding to the ZPI mutants, revealed large differential contributions of these residues to PZ binding, with only 2 residues accounting for the bulk of the binding energy. Complementary studies with PZ chimeras confirmed that the key ZPI residues interacted with both pseudocatalytic and EGF2 domains of PZ. Kinetic competition studies showed that reactive loop-cleaved ZPI (cZPI) bound PZ with a 6-fold lower affinity than the native serpin. Solution of the crystal structure of cZPI and its alignment with native ZPI in the ZPI-PZ complex revealed that changes in helices A and G of the PZ-binding site accounted for the loss in ZPI affinity for PZ. These findings provide new insights into the mechanism of catalytic activation of ZPI by PZ and have implications for the design of small molecules that could disrupt the ZPI-PZ interface and potentially ameliorate hemophilic states.
Methods Proteins
Plasma-derived human factor Xa, ZPI, PZ, and factor XIa were obtained from Enzyme Research Laboratories or were purified as described previously. 3 Recombinant human ZPI and ZPI mutants were expressed in baculovirus-infected insect cells and purified as described previously. 9, 11 A human ZPI Y387R variant and wild-type mouse ZPI were expressed in Escherichia coli and purified as described previously. 10 The reactive center loop cleaved form (cZPI) was prepared from a Y387R ZPI variant with enhanced substrate reactivity 1, 9 by reacting with catalytic factor Xa followed by purification. 10 DNA mutagenesis was carried out by PCR using the Quick Exchange kit (Stratagene). Mutations were confirmed by DNA sequencing. Molar concentrations of ZPIs were determined from the absorbance at 280 nm using a calculated extinction coefficient of 31 525M Ϫ1 s Ϫ1 . 13 Protease concentrations were determined by standard activity assays that were calibrated based on active-site titrations. 11 Recombinant PZ and protein Z/protein C (PZ/PC) chimeric proteins were produced by manipulating PZ cDNA to encode the sequence for PZ/PC chimeric proteins using standard techniques. The pre-pro-leader sequence of PZ was replaced with that of prothrombin to improve protein expression levels, and the ␥-carboxyglutamic acid domain (Gla), epidermal growth factor 1 domain (EGF1), epidermal growth factor 2 domain (EGF2), or Gla through EGF2 domains (Gla-EGF2) of PZ were replaced with the corresponding domains of PC. cDNAs encoding the PZ/PC chimeric proteins and wild-type PZ were engineered into the pcDNA4/TO (Invitrogen) vector with placement of a 6-His tag at their C-termini and transfected (lipofectamine; Invitrogen) into T-Rex-293 cells (Invitrogen). Cells were cultured in DMEM with tetracycline-reduced FBS (10%, Invitrogen), L-glutamine (2mM), vitamin K (10 g/mL), basticidin (5 g/mL), and Zeocin (300 g/mL). At confluence, cells were washed and the media replaced with FreeStyle 293 expression medium (Invitrogen) with tetracycline (1 g/mL) supplemented with the same levels of glutamine, vitamin K, basticidin, and Zeocin. After 24 hours, conditioned medium was collected, benzamidine added (5mM), and the expressed proteins were isolated by metal chelate (Talon; Clontech), Resource Q, and Superose 12 (GE Health Care) chromatography. The chimeric proteins were expressed at levels similar to PZ wild-type and reacted with the following available mAbs in a fashion equivalent to that of native PZ or PC. The mAbs tested included: anti-PZ EGF1 domain (mAb 2048.ED9), anti-PZ pseudocatalytic domain (mAb 2306.AC5, mAb 2306.BF12, mAb 4260.2B9, and mAb 4260.5F5), anti-PC Gla domain (mAb CaC-11), and anti-PC EGF1 domain (mAb 1518.EG9).
Phospholipids
Small, unilamellar phospholipid vesicles were prepared from a 7:3 mixture (by weight) of dioleyl phosphatidylcholine and dioleoyl phosphatidylserine (Avanti Polar Lipids) as described previously. 9, 11 The phospholipid concentration was determined by colorimetric assay. 14 
Kinetics of ZPI-FXa reactions
The rate of factor Xa inactivation by wild-type and mutant ZPIs in the absence and presence of cofactors was measured under pseudo-first-order conditions in 50mM HEPES, 0.1M NaCl, 0.1% PEG 8000 buffer, pH 7.4, at 25°C by discontinuous or continuous assays as described previously. 9, 11 In the discontinuous assay, reactions were quenched at various times by 10-to 20-fold dilution into substrate (100M Spectrozyme FXa [American Diagnostica] or 50M Pefafluor FXa [Centerchem] ) and the residual factor Xa activity was measured from the initial rate of absorbance change (405 nm) or fluorescence change ( ex 380 nm, em 440 nm). Quench solutions contained 10mM EDTA for reactions with calcium. Because of the slow rate of dissociation of the ZPI-factor Xa complex during the assay, initial velocities of substrate hydrolysis by residual factor Xa were determined from computer fits by a second-order polynomial function. 11 Observed pseudo-first-order rate constants (k obs ) were obtained by fitting the loss of protease activity by an exponential decay function with a nonzero end point that reflected Ͻ 10% degraded protease more resistant to inhibition. For continuous assays, reactions included 50M Pefafluor FXa substrate and progress curves of protease inhibition were obtained by continuously monitoring the decrease in rate of substrate hydrolysis to a steady-state level of inhibited enzyme activity under conditions in which substrate consumption was Ͻ 10% and the rate of hydrolysis was linear in the absence of inhibitor. Reaction progress curves were fit over 5-10 half-lives by an exponential plus steady-state equation to obtain k obs . 11 Binding of wild-type and mutant ZPIs to PZ was quantitated from kinetic titrations of the accelerating effect of PZ on k obs for the ZPI-factor Xa reaction in the presence of 25M lipid and 1mM calcium. To ensure that k obs was linearly dependent on the ZPI-PZ complex concentration, reactions were done at ZPI-PZ complex concentrations below the K M of approximately 50nM for PZ-ZPI-FXa ternary complex formation. 11 To avoid lipid oxidation and achieve reproducible reaction rates, frozen aliquots of phospholipid vesicles prepared by sonication were thawed and used without additional sonication. Second-order association rate constants for reactions in the absence (k ass,uncat ) or presence of PZ, lipid, and calcium cofactors (k ass,cat ) and the K D for the ZPI-PZ complex interaction were obtained by fitting the dependence of k obs on the ZPI or PZ concentration by the equation:
where k diss is the first-order rate constant for ZPI-FXa complex dissociation, [ZPI-PZ] and [ZPI] f (free ZPI) are functions of total ZPI and PZ concentrations and the K D for the ZPI-PZ interaction as given by the quadratic equilibrium binding equation, 11 [S] o is the fluorogenic substrate concentration, and K M,S is the Michaelis constant for substrate hydrolysis by factor Xa. A K M,S of 119 Ϯ 3M was determined under the conditions of the kinetic experiments. For ZPI variants with high PZ affinity, the uncatalyzed reaction term and k diss could be neglected. For ZPI variants with low PZ affinity, k ass,uncat and k diss were fixed at values determined independently for the ZPI-factor Xa reaction in the absence of PZ but in the presence of 25M lipid and 1mM CaCl 2 , and k ass,cat was assumed to be equal to the wild-type value to allow fitting of K D .
Experiments examining the competitive effect of cZPI on the PZ-dependent reactions of native ZPI or M71A ZPI with factor Xa were done at 5.5nM ZPI, 5.5nM PZ, variable cZPI (0-500nM), 0.1nM factor Xa, 25M lipid, and 5mM CaCl 2 . Reactions were initiated by adding a mixture of ZPI and cZPI to a preincubated solution of PZ, factor Xa, lipid, and calcium, and progress curves were measured by the discontinuous assay to obtain k obs . The decrease in k obs as a function of cZPI concentration was fit by the kinetic equation above except that the quadratic equation for the [ZPI-PZ] term was replaced by the cubic equation that defines the ZPI-PZ complex concentration in the presence of a competitor. 15 M71A ZPI-factor Xa reaction data were fit by fixing the K D for the M71A ZPI-PZ interaction at the measured value and fitting the K D for the cZPI-PZ interaction as a parameter. Wild-type ZPI-factor Xa reaction data were fit by fixing the cZPI-PZ interaction K D and fitting the wild-type ZPI-PZ interaction K D as a parameter. Stoichiometric factors for ZPI and cZPI interactions with PZ were assumed to be 1. Simulations of ZPI-PZ complex reactions with factor Xa were done using Explorer Version 2.5 software (KinTech).
Stoichiometry of ZPI-protease reactions
The stoichiometry of inhibition of factor Xa or factor XIa by ZPI was determined by end point titrations of approximately 100nM protease with increasing molar ratios of ZPI to protease from 3:1 to 8:1 in the absence or presence of PZ (equimolar with ZPI), phospholipid (25 m), and CaCl 2 (5mM) under the conditions of kinetic studies. 9, 11 
PAGE
Nondenaturing PAGE was performed at 4°C using the Laemmli buffer system 16 with 5.5% gels and running times of 2-5 hours at 100-150 V. SDS-PAGE used the Laemmli buffer system and 7.5%-10% polyacrylamide gels. Protein bands were detected by Coomassie blue staining.
Characterization of PZ/PC chimeric proteins
Plasma PZ, recombinant wild-type PZ (rPZ), and the rPZ/PC chimeric proteins were tested for their ability to accelerate the inhibition of factor Xa (0.5nM) by plasma ZPI (40nM) in the presence of phospholipid (15M rabbit brain cephalin; Pentapharm) and Ca 2ϩ (4mM) in 0.1M NaCl, 0.02M HEPES, pH 7.4, with 1 mg/mL of BSA, similar to previous studies. 2 PZ, factor Xa, phospholipid, and Ca 2ϩ were incubated for 3 minutes at 37°C and then ZPI was added to start the reaction. Alternatively, ZPI, PZ, phospholipid, and Ca 2ϩ were incubated for 3 minutes at 37°and then factor Xa was added. After 60 seconds, a sample (50 L) was added to prewarmed buffer (100 L) and CaCl 2 (25mM, 50 L) and the clotting time was measured after the addition of factor X-deficient plasma (George King Biomedical) in a fibrometer (BBL). Remaining factor Xa activity was determined based on a factor Xa standard curve.
The rPZ/PC chimeric proteins were tested for their ability to bind ZPI with a microtiter-plate assay. rPZ/PC proteins (2 g/mL in 0.1M NaCl, 0.02M HEPES, pH 7.4) were allowed to bind to the microtiter wells (100 L, 2 hours) followed by washing and blocking with PBS containing Tween 20 (0.05%; PBST). ZPI in PBST was then added (0-2 g/mL, 100 L) and incubated for 30 minutes. After washing with PBST, bound ZPI was detected using biotin-conjugated mAb 4249.3 anti-ZPI (2 g/mL), avidin-HRP (Pierce), and 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma-Aldrich) with PBST washes between steps. The same method and a mAb against the pseudocatalytic domain of PZ (mAb 2306.AC5) showed comparable binding of the PZ/PC chimeric proteins in replicate microtiter wells.
Crystallization and X-ray structure determination of ZPIs
Crystals of cZPI were grown in 1.8M sodium/potassium phosphate, pH 5, or 10% 2-propanol, 0.2M Li 2 SO 4 , 0.1M Na acetate, pH 4.5, using the sitting drop method. Crystals of mouse ZPI were grown in 4M NaCl, 50mM MES buffer, pH 6. cZPI crystals were quickly soaked in cryo-solution (the precipitant plus 15% ethylene glycol) and snap-frozen in liquid nitrogen. Mouse ZPI crystals were snap-frozen without cryo-solution. Diffraction data for cZPI and mouse ZPI were collected from single crystals at the Diamond Synchrotron stations I02 and I04-1 and processed with Mosflm Version 7.0.5 software. 17 The cZPI and mouse structures were solved by molecular replacement with Phaser Version 2.3.0 software 18 using the reactive loop cleaved antitrypsin structure (pdb 7API) and native human ZPI (pdb 3F1S) as search models. cZPI crystals with space groups I2 and P41 were observed, each with one copy of cZPI in the corresponding asymmetric unit. Structures were built in COOT Version 0.6.2, 19 refined using Refmac Version 5.6.0117, 20 and validated by MolProbity Version 3.19 21 (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). All residues of the I2 cZPI structure apart from 1-40 and 387 were built. In the P41 cZPI structure, residues 1-34, 115-116, 288, and 387-389 were not built due to poor density. Mouse ZPI was built with residues 47-425 (except for the 7 reactive loop residues 380-386 due to poor density).
Results
Engineering and functional activity of ZPI variants ZPI variants were engineered in which the 3 clusters of salt bridges and hydrophobic interactions in the ZPI-PZ interface involving Met71 and Asp74 in helix A and its C-terminal extension; Asp238, Lys239, and Tyr240 in the loop connecting strands 3 and 4 of sheet C; and Asp293 in helix G were each mutated to Ala (Figure 1) . A double Asp74/Asp293 mutant was also engineered. The mutants were expressed and purified as in previous studies and yielded amounts of protein comparable to wild-type. 9 All mutants inhibited factor Xa or factor XIa in the absence of cofactors at a rate similar to wild-type ( Figure 2A and supplemental Figure 1) . Moreover, the inhibition stoichiometries for reaction of the variant ZPIs with these proteases were similar to or only modestly elevated relative to wild-type reactions (Table 1 and supplemental Table 2 ). These results indicated that the mutations did not perturb the cofactorindependent inhibitory function of ZPI.
Native PAGE analysis of ZPI-PZ interactions
To determine whether the ZPI mutations impaired the ability to bind PZ, we analyzed binding by nondenaturing PAGE. 9, 11 Binding of PZ to ZPI induces a large shift in ZPI electrophoretic mobility, resulting in a complex band migrating intermediate between that of ZPI and PZ (Figure 3) . A minor complex band with slower mobility than the major complex band likely reflects the binding of a minor thrombin-cleaved Gla-domainless PZ species to ZPI. 9 When mixed with a slight molar excess of PZ, bands for D238A and K239A ZPI variants were shifted completely to positions corresponding to complex, similar to the behavior of wild-type ZPI. Slight variations in complex mobility reflected the altered charge of ZPI variants (supplemental Figure 2) . In contrast, PZ caused partial band shifts of M71A, D74A, and Y240A variants and no band shift for the D293A and D74A/D293A ZPI variants. These results indicated that mutation of ZPI binding-interface residues produces variable impairments in PZ binding.
Cofactor-dependent activity of ZPI variants
To confirm the PZ-binding defects of the ZPI variants, the kinetics of the ZPI-factor Xa reaction were analyzed in the presence of PZ equimolar with ZPI and with lipid and calcium cofactors. Contrasting the similar rates at which the mutant ZPIs inhibited factor Xa in the absence of cofactors, the mutants showed strikingly different cofactor-dependent rates of factor Xa inhibition ( Figure 2B ). Whereas D238A and K239A mutants showed rapid rates of factor Xa inhibition similar to wild-type ZPI, the M71A, D74A, Y240A, D293A, and D74A/D293A mutants showed progressively greater reductions in the cofactor-dependent rate of factor Xa inhibition. Relative to the wild-type ZPI reaction, the pseudo-first-order inhibition rate constant (k obs ) was decreased for mutant ZPI reactions by 2-fold for M71A, 5-fold for D74A, 50-fold for Y240A, 400-fold for D293A, and 1300-fold for D74A/D293A. Stoichiometries of inhibition for the mutant ZPI reactions in the presence of cofactors showed small or no changes from wild-type (Table 1) . These results suggested markedly different contributions of ZPI contact residues in the PZ-binding interface to bind PZ and accelerate the reaction of ZPI with membrane-associated factor Xa. These contributions increased in the order D293 Ͼ Y240 Ͼ D74 Ͼ M71, with D238 and K239 residues making no detectable contributions. Such findings were in agreement with the native PAGE analysis. 
Quantification of ZPI-PZ interactions
To quantify the PZ-binding defects of the mutant ZPIs, we performed kinetic titrations of the accelerating effect of PZ on the ZPI-factor Xa reaction in the presence of lipid and calcium. For wild-type, D238A, and K239A ZPIs, k obs increased with increasing ZPI concentration to an end point reached at a ZPI concentration equimolar with PZ, indicating tight stoichiometric binding ( Figure  4A ). The end point for the K239A variant was somewhat reduced from wild-type and D238A variants because of an increased stoichiometry of inhibition ( Table 1) . Fitting of the data by the equilibrium-binding equation indicated a poorly determined subnanomolar affinity in all cases. For M71A and D74A variants, k obs showed a more gradual increase to an end point similar to wild-type, consistent with a significant weakening of PZ-binding affinity. Fitting of these titrations provided K D s of 17 Ϯ 5nM and 34 Ϯ 5nM, respectively, indicating minimal 20-to 30-fold decreases in affinity for these mutants. Titrations with Y240A, D293A, and D74A/D293A ZPI variants showed barely detectable increases in k obs over the same ZPI concentration range, indicating weak binding. Extending the ZPI concentration range revealed a clear saturable increase in k obs for the Y240 variant, from which a K D of 1000 Ϯ 100nM was determined ( Figure 4B ). However, D293A and D74A/D293A variants still showed no detectable increases in k obs over this range of ZPI concentrations relative to wild-type ZPI in the absence of PZ. By titrating the PZ-dependent rate enhancement at a fixed level of ZPI and increasing PZ concentrations, significant linear increases in k obs were detectable for these mutants, verifying a weak, PZ-dependent enhancement of the inhibition rate constant ( Figure 4B ). Assuming that these mutations only affected PZ binding to ZPI and that the maximal rate constant at saturating PZ was equivalent to wild-type, estimates of K D for the binding of Y240A, D293A, and D74A/D293A ZPI variants to PZ of 1500 Ϯ 100nM, 40 000 Ϯ 14 000nM, and 240 000 Ϯ 160 000nM, respectively, were made. These results confirmed that massive binding defects result from mutations of Y240 and D293.
ZPI binding to PZ/PC chimeras
Of the 4 ZPI contact residues in which mutations resulted in impaired binding to PZ, 3 contacted the pseudocatalytic domain of PZ, whereas one, Y240, bound in a hydrophobic pocket formed by the pseudocatalytic domain and the EGF2 domain of PZ (Figure 1) . To assess the importance of the EGF2 domain in this interaction, PZ chimeras in which the Gla, EGF1, and EGF2 domains of PZ were replaced with the homologous domains of protein C individually or together were tested for their ability to promote ZPI inhibition of factor Xa in the presence of lipid and calcium. The purity and appropriate size of the chimeras was confirmed by SDS-PAGE (supplemental Figure 3) . The chimeric proteins were expressed at the same level as PZ wild-type and reacted in a fashion Rate constants in the absence of cofactors (kass,uncat) were obtained from the slope of linear plots of pseudo-first-order rate constants (kobs) on ZPI concentration in the range of 100-800nM. Rate constants for reactions in the presence of cofactors (kass,cat) were obtained from the data shown in Figure 4 . kass,cat could not be determined for ZPI variants with low PZ affinity (Y240A, D293A, and D74A/D293A). Stoichiometry of inhibition (SI) values were determined from stoichiometric titrations of factor Xa with ZPI as described in "Stoichiometry of ZPI-protease reactions." The product of kass,uncat or kass,cat and SI represents the corrected association rate constant for reaction through the inhibitory pathway. KDs for ZPI-PZ interactions were determined from fits of the kinetic titrations shown in Figures 4 and 6 using the equation provided in "Kinetics of ZPI-FXa reactions."
ND indicates not determined. *Wild-type rate constants are somewhat lower than those measured in previous studies 9,11 because of the reduced calcium concentration.
equivalent to native PZ with a bank of mAbs, suggesting that they were folded appropriately. The EGF1 chimera enhanced the rate of ZPI inhibition of factor Xa to the same extent as recombinant or plasma forms of wild-type PZ, indicating that this domain was not important for PZ rate enhancement ( Figure 5A ). The Gla domain chimera showed a reduced rate-enhancing effect, which is consistent with previous studies showing that a PZ-Gla domain interaction with the factor Xa Gla domain made an important contribution to the PZ-dependent acceleration of the ZPI-factor Xa reaction on a membrane surface. 3, 11, 22 The EGF2 chimera or combined Gla, EGF1, and EGF2 chimeras showed no ability to enhance the rate of the ZPI reaction with membrane-associated factor Xa, which is consistent with an important role for the EGF2 domain in the PZ-dependent rate enhancement. Solid-phase binding assays of the PZ chimeras to ZPI showed similar strong interactions of ZPI with wild-type and EGF1 or Gla-domain chimeras and no detectable binding of the EGF2 or combined Gla, EGF1, and EGF2 chimeras ( Figure 5B ). These results are consistent with an important role for the PZ EGF2 domain, but not the EGF1 or Gla domains, for binding ZPI in addition to the well-established role of the pseudocatalytic domain for binding. 22 
Binding of cZPI to PZ
PZ dissociates from ZPI after ZPI forms an inhibited complex with factor Xa, allowing PZ to recycle as a catalyst. 11 To determine the extent of the PZ affinity loss for ZPI in the ZPI-factor Xa complex, we analyzed PZ binding to cZPI. This was based on findings that the serpin moiety of the serpin-protease complex is structurally indistinguishable from cleaved serpin 23, 24 and that both cZPI and ZPI-factor Xa complex products of the ZPI-factor Xa reaction similarly fail to bind PZ at nM levels at which native ZPI binds. 11 cZPI reduced k obs for the reaction of 5nM native ZPI-PZ complex with factor Xa in the presence of lipid and calcium in a dosedependent manner ( Figure 6A ), with 50% reduction occurring at approximately 50nM cZPI ( Figure 6B ). This was consistent with cZPI competing with native ZPI for binding PZ, thereby reducing the level of ZPI-PZ complex competent to inhibit membraneassociated factor Xa. Because the K D for the wild-type ZPI-PZ interaction was not well determined, we also analyzed the effect of cZPI on the membrane-dependent reaction of M71A ZPI-PZ complex with factor Xa. As expected, cZPI competed more effectively with M71A ZPI for PZ, as evidenced by the 50% reduction in k obs at approximately 10nM cZPI ( Figure 6B ). Fitting of both datasets by the cubic equation for competitive binding 15 by fixing the K D for the M71A ZPI-PZ interaction at 17nM (Figure 4 ) indicated K D s for wild-type ZPI-PZ and cZPI-PZ interactions of 1.2 Ϯ 0.1nM and 6.8 Ϯ 0.5nM, respectively. Reactive loop cleavage of ZPI thus reduces PZ affinity by approximately 6-fold. The ability of cZPI to bind PZ was confirmed by native PAGE analysis (supplemental Figure 4) . Simulations of the reaction of the ZPI-PZ complex with factor Xa at physiologic concentrations of ZPI and PZ, assuming the measured K D s for native ZPI and the cZPI-factor Xa complex, showed that the decrease in PZ affinity is sufficient to account for the catalytic effect of PZ (supplemental Figure 5) .
Structure of cZPI
Two crystal forms of cZPI were obtained from different crystallization conditions, one from the I2 space group diffracting up to 2.09 Å and a second from the P41 space group diffracting up to 2.65 Å. The statistics of data collection and refinements are shown in supplemental Table 1 . Overall, the 2 structures share similar features except for the position of helix D and confirm that ZPI undergoes the typical stressed to relaxed conformational transition of serpins on reactive loop cleavage ( Figure 7A and supplemental Figure 6A ). Compared with the structure of the ZPI-PZ complex (Figure 1 ), the cZPI structures show that there are marked changes in both helix A and helix G apart from the expansion of sheet A that accompanies reactive loop insertion into sheet A. Helix A, which is considerably longer in ZPI than in other serpins, is bent in the ZPI-PZ complex, presumably to allow hydrophobic interactions between W46 and neighboring leucines. These interactions are broken in cZPI by the repositioning of helix A when sheet A expands, allowing helix A to straighten (supplemental Figure 6B) . Helix G is partially unwound in both cZPI structures relative to the (Table 1) . For ZPI variants with low PZ affinity, k ass,cat was fixed at the wild-type value. ZPI-PZ complex, indicating that this structural change is not an artifact of crystal packing. To determine whether uncomplexed ZPI adopts a similar conformation, we solved the structure of mouse ZPI. Mouse ZPI has a typical native serpin structure that resembles human ZPI in the ZPI-PZ complex, including helix G, and differs only in the reactive loop and position of helix A. Helix G unwinding thus appears to be induced in cZPI by the stressed to relaxed transition (supplemental Figure 7) . When the cZPI structures are overlaid with ZPI in the ZPI-PZ complex, movements of the relative positions of the 4 key residues involved in binding PZ are observed ( Figure 7B ). Specifically, Y240 in sheet C is slightly shifted away from D74 in the loop extending from helix A and D293 of helix G is shifted closer to M71 of helix A, with the latter change being the most significant (supplemental Figure 8) .
Discussion
In the present study, we have elucidated the relative contributions of 6 ZPI residues that form prominent salt-bridge and hydrophobic contacts with PZ in the X-ray structure of the ZPI-PZ complex to binding PZ and to reducing PZ affinity when ZPI undergoes cleavage in the ZPI-factor Xa complex. These residues were chosen for mutagenesis based on their complementary interactions with PZ residues in the binding interface and their conservation in mouse, rat, and chicken ZPIs. Surprisingly, only 2 of the 6 contact residues on ZPI, D293 on helix G and Y240 in the gate region loop of sheet C (Figure 1 ), were found to be critical for binding PZ.
Unitary binding energies 25 of Ϫ8.4 kcal/mol for Y240 and Ϫ10.4 kcal/mol for D293 can be calculated for these residues based on estimated K D s for Y240A and D293A interactions, which together account for essentially all of the binding energy of the interaction. Such "hot spot" binding residues are common in protein-protein interactions and indicate that binding energy is not distributed additively over the binding interface, but instead is realized through cooperative interactions of key residues. 26 The importance of these residues was not predictable from the X-ray structures of the ZPI-PZ complex based on the energetics of burial of contact residues (supplemental Table 3 ). Salt bridges of D293 in ZPI with R298 and H210 of PZ and the hydrophobic interaction of Y240 of ZPI in the hydrophobic cavity formed by the EGF2 and pseudocatalytic domains of PZ thus appear to be crucial determinants of the ZPI-PZ interaction. We found that replacement of the EGF2 domain of PZ with the homologous domain of protein C completely abrogates the ability of PZ to bind ZPI or to enhance the rate of the ZPI reaction with membrane-associated factor Xa. This finding reinforces the critical importance of the ZPI Y240 interaction with the PZ pseudocatalytic and EGF2 domains for the ZPI-PZ interaction. Surprisingly, a previous study of a PZ-factor Xa chimera in which the Gla, EGF1, and EGF2 domains of PZ were replaced with those of factor Xa showed normal binding to ZPI. 22 In contrast to the work presented herein, the solid phase-binding assay used in that study detected substantially weaker interactions of adsorbed ZPI with solutionphase PZ and reported that the binding could be detected in the presence of calcium ions, but not EDTA, implying a divalent cation dependence of the PZ-ZPI interaction. The reason for these discrepancies is not clear. Whereas D293 and Y240 residues of ZPI BLOOD, 23 AUGUST 2012 ⅐ VOLUME 120, NUMBER 8 For personal use only. on September 13, 2017. by guest www.bloodjournal.org From are of overriding importance for binding PZ, interactions of M71 and D74 in helix A of ZPI with PZ also were found to make significant, albeit much smaller, contributions to binding. Notably, our results demonstrate that D238 and K239 contact residues of ZPI do not contribute to PZ binding.
Our determination of the structure of cleaved ZPI and studies of its interactions with PZ have provided new insight into how PZ acts as a catalyst in promoting ZPI inhibition of membrane-associated factor Xa. This catalysis results from a loss in PZ affinity for ZPI after it is cleaved in the ZPI-factor Xa complex, causing PZ to dissociate and bind another ZPI molecule. 11 Kinetic competition studies revealed that cZPI binds PZ with a 6-fold lower affinity than native ZPI. Simulations showed that such an affinity loss accounts for PZ catalytic action and the sparing of PZ under physiologic conditions in which PZ levels are limiting relative to ZPI. 2 Whereas the reduction in ZPI affinity is not sufficient to cause 100% of bound PZ to dissociate from the ZPI-factor Xa complex, this may not be necessary given that ZPI levels only modestly exceed those of PZ, so the fraction of PZ that does dissociate is sufficient to ensure that all ZPI is activatable by PZ. Indeed, catalytic levels of PZ are sufficient to accelerate the reaction of much higher levels of ZPI and factor Xa in the presence of lipid and calcium. 11 Alignment of the structures of cleaved and native ZPI suggested how structural changes in ZPI induced by factor Xa cleavage cause the observed 6-fold loss in PZ affinity. The structure of the ZPI-binding site was largely maintained in cZPI, which is consistent with the secondary structural elements of the binding site moving as a rigid unit in the conformational transition accompanying cleavage, as occurs in other cleaved serpins. 27 Nevertheless, structural changes unique to cZPI, including the straightening of helix A and the unwinding of helix G, caused the relative positions of the key binding residue side chains of these helices to be similarly altered in both cleaved structures, suggesting that these changes were induced by the native to cleaved conformational transition rather than by an inherent flexibility of the side chains (supplemental Figure 8) . The modestly reduced affinity of PZ for cleaved ZPI may thus arise from a reduced complementarity of the secondary Met71 and Asp74 residues in the binding site once the critical Tyr240 and Asp293 residues have bound PZ.
The results of the present study have additional implications for designing small molecules that could disrupt the ZPI-PZ interaction and thereby reduce the anticoagulant regulation of factor Xa at sites of factor X activation. Such molecules might be targeted to disrupt either of the 2 "hot spot" interactions that mediate the ZPI-PZ interaction. This could possibly restore a balance between anticoagulant and procoagulant factors in certain hemophilia disorders to support normal hemostasis. The feasibility of such an approach has been demonstrated with several other protein-protein interactions. 28 
